Introduction
The interactions between airborne spores and the airway epithelium can lead to invasive diseases [1, 2] , asthma [3] , hypersensitivity pneumopathies [4] , or toxic effects [5] . For instance, invasive aspergillosis, mainly due to the saprophytic mould Aspergillus fumigatus , occurs after inhalation of its conidia which have been released into the environment. The role of airway epithelial cells in protecting against invasive aspergillosis has not been studied as extensively as that of alveolar macrophages [6] even though different patient, reproducibility can be a major fl aw. Indeed, the underlying diseases, the prescribed treatments, and the genetic backgrounds of the patients differ, all of which can infl uence interactions with the fungal spores and the mediators ' responses. In fact, when studying phagocytosis of conidia with HNEC, we observed wide variations in the phagocytosis rates among patients [10] .
To overcome these pitfalls and to improve the source of airway epithelial cells, several primary cells from various animals have already been used, such as murine epithelial cells to study cystic fi brosis [11] , rabbit tracheal epithelial cells in investigations of airway electrolyte transport [12] or hamster tracheal airway epithelial cells to study pathogenhost interactions [13] . Other authors have developed in vitro models using porcine cells of respiratory origin. Cultures of submucosal gland cells were used to study short-term exposure to cocaine [14] , lidocaine [15] , or ion transport [16] . Porcine alveolar epithelial cells in primary culture have been employed for drug transport studies [17, 18] . Pigs are also the source of ciliated cells to study cilia beat frequency because their behavior is similar to that of human cells [19] . Furthermore, porcine nasal mucosa explants have been used to study interactions between viruses [20] or mycoplasma [21, 22] and the respiratory tract and porcine lungs are of potential use in modeling cystic fi brosis [23] . All these results clearly suggest the potential applications of porcine models. We therefore took advantage of the availability of porcine trachea in our surgical research centre to develop a primary in vitro culture of porcine tracheal epithelial cells (PTEC) in an air-liquid interface. We characterized the electrophysiological and morphological features of this model and its behavior after challenge with A. fumigatus conidia or mycotoxins, and validated the results in comparison with the fi ndings previously obtained with human cells [9, 10, 24] .
Material and methods

PTEC primary cultures
The PTEC culture was adapted from a model originally developed with human tracheo-bronchial cells [25] . Epithelial cells were isolated from trachea of 3.5 -5-month-old pigs (female Large/White), which had been euthanized with thiopental (Penthotal Hospira) at the Centre de Recherche Chirurgical of the Henri-Mondor hospital in accord with the Prefectoral Board for animal experimentation (N ° 2008-4518) . Tracheas, around 15 -20 cm in length, were transported in DMEM/F12 (Life Technologies, Cergy Pontoise, France) supplemented with antibiotics (100 U/ml of penicillin, 100 μ g/ml of streptomycin, 200 μ g/ml of gentamycin and 5 μ g/ml of amphotericin B). Tracheas were open and pinned on a corkboard so that stripes of 1 cm in width could be removed from the cartilage and the remaining tissue.
Each stripe was rinsed in PBS-antibiotic solution with 5 nM dithiothreitol and placed overnight at 4 ° C in the transport medium containing 0.1% pronase (Sigma, Saint-QuentinFallavier, France). The following steps were similar to those previously described for human cells [9] . The PTEC culture medium (2% Ultroser G, Sigma) without amphotericin B was changed daily, and the electrophysiological properties of the cultures were checked twice a week using a microvoltmeter (EVOM World Precision Instruments, Stevenage, UK). These bioelectrical features corresponded to transepithelial resistances (Rt) and potential differences (Vt), which measure intercellular junctions and transcellular ionic transports, respectively [26] . Alternatively, cell pellets, instead of being plated in inserts, were aliquoted (10 6 cells/tube) in 10% glycerol and stored in liquid nitrogen using a Nicool LM10 (Air Liquide, Marne-la-Vall é e, France) to decrease the temperature. All primary cultures were checked for the presence of Mycoplasma spp. using the PCR kit Venor ® GeM (BioValley, Berlin, Germany).
The potential contamination with fi broblasts was investigated with 14-day-old PTECs. After dissociation for 30 min at 37 ° C using 0.1 % collagenase, 500 μ l trypsine 10X were added and incubation continued for 15 min at 37 ° C. After neutralization of the enzymatic activities with fetal calf serum (FCS), the cells were counted, centrifuged on SuperFrosts slides (Menzel-Glaser Superfrost Plus, Thermo Fisher Scientifi c Inc., Braunschweig, Germany), dried, immersed in 4% paraformaldehyde for 1 h at 4 ° C and rinsed twice for 10 min in PBS-BSA 1%. The fi xed cells were successively stained with anti-vimentin and anti-cytokeratin antibodies at room temperature. PTEC were incubated for 60 min with a 1/40 diluted rabbit antihuman vimentin antibody (N ° CBL 46, AbCys s.a, Paris, France). After washing, PTEC were incubated for 60 min with 1/100 diluted donkey anti-rabbit IgG Tetramethyl Rhodamine Isothiocyanate (TRITC)-conjugated secondary antibody (AP182R, AbCys s.a), then washed and incubated for one hour with a 1/50 diluted mouse anti-human pancytokeratin monoclonal antibody (C-11, C2931, Sigma). After washing, PTEC were incubated for 1 h at room temperature with a 1/200 diluted goat anti-mouse FITC-conjugated secondary antibody (F5262, Sigma). Cells were mounted in FluoPrep (BioM é rieux, Marcy l ' Etoile, France) antifading medium, and stored at 4 ° C until observed. Slides were examined with an Axiophot fl uorescence microscope (Zeiss, Le Pecq, France) using the fi lter sets λ excitation at 490 nm and λ emission Ն 525 nm and λ excitation at 550 nm and λ emission Ն 570 nm for FITC and TRITC, respectively. Images were obtained with the Metaview program (Universal Imaging Corporation, Downingstown, PA, USA) and further processed with Adobe Photoshop. A549 and porcine fi broblast cells were used as controls for immunostaining. PTEC morphology amino stilbene-2,2 ´ -disulfonic acid), kindly provided by Bayer, before cell lysis with 300 μ l distilled water [10] . The brightener stains the external conidia only. Thus, the blue conidia were counted as non-internalized and the nonstained conidia as internalized. Images were obtained using an Axioskop 40 microscope (Zeiss) with a digital camera DX20H (Kappa, Donneville, France) fi tted to the microscope. Each value was derived from triplicate data points and was expressed as the mean Ϯ SEM.
mRNAs quantifi cation
After seeding as described above with 10 7 conidia, centrifugation, and removal of unbound conidia, cells were incubated at 37 ° C in 5% CO 2 atmosphere. At 8 h and 24 h post exposure, cells were collected for RNA extraction using the MagNA Pure Compact RNA Isolation kit (Roche Diagnostics, Mannheim, Germany). RNA quality checking and reverse transcription were performed as previously described [27] . For each reaction, negative controls without RNA and without reverse transcriptase were added. cDNAs were diluted in sterile water (1/20) and stored at Ϫ 80 ° C until amplifi cation. The primers to amplify the three mediators (IL-8, TNF-alpha, and GM-CSF) were chosen with the assistance of Oligo 4.0 software (National Biosciences, Plymouth, MN, USA). One of the two primers was placed at the junction between two exons to avoid amplifi cation of contaminating genomic DNA (Table 1 ). All real-time PCR reactions were carried out on a LightCycler 480 (Roche) in a 20 μ l fi nal volume containing 0.4 X LightCycler 480 SYBR Green I Master (Roche Diagnostics), 500 nM of upper and lower primers and 5 μ l cDNA 1/20. The thermal cycling conditions consisted of an initial denaturation step at 95 ° C for 8 min followed by 50 cycles at 95 ° C for 10 s, 60 ° C for 10 s and 72 ° C for 15 s. Quantitative values were obtained from the cycle threshold (Ct) number. Samples of three independent experiments were analyzed in duplicates. Each sample was normalized on the basis of their content in two reference mRNAs genes: cyclophilin A (GenBank and A. fumigatus conidia internalization were studied by transmission electronic microscopy (TEM) as already described [9] .
Fungal strains, preparation of conidia and mycotoxins
Conidia were obtained from A. fumigatus strain IP 2279.94 (Institut Pasteur, Paris, France), which had been originally isolated from a patient with invasive aspergillosis, and cultured on 2% malt agar slants (Bio-Rad, Marnes-la-Coquette, France). Conidia were harvested after 7 days at 30 ° C by rinsing the slants with PBS supplemented with 0.1% Tween 20. Conidia were obtained after fi ltering the course solution through a 40 μ m-pore-size cell strainer (Millipore, Billerica, MA, USA) to remove mycelium and then suspended in cell culture medium.
In a previous study, we found that a fi ltrate of A. fumigatus cultures had specifi c electrophysiological effects on human nasal epithelial cells (HNEC) and that verruculogen could be one of the candidate toxins, if not the sole toxin, responsible for the changes of HNEC ([24] . To know whether PTECs reacted with this toxin as noted with human cells, 10 -6 M verruculogen (Sigma-Aldrich, purities higher than 90%) diluted in DMSO was added to the apical side of the cells. The electrophysiological modifi cations in resistance (Rt) and potential differences (Vt) were recorded 30, 60, 120, and 180 min after exposure.
Percentage of phagocytosed conidia
Each PTEC well was seeded with 10 7 conidia. To speed up the sedimentation and to avoid prolonged immersion of cells, the wells were centrifuged at 60 g for 5 min and washed 3 times to remove unbound conidia. Wells were then incubated at 37 ° C in a 5% CO 2 atmosphere for different exposure times according to the experiments. To quantify the non-internalized conidia, we used, as described previously, the fl uorescent brightener Blankophor-P-fl uessig ® (4,4 ′ -Bis[(4-anilino-6-substituted-1,3,5-trazine-2-yl)] The results, expressed as the N-fold difference in target gene expression relative to the cyclophilin A or TBP genes (termed N target), were determined by the following formula; N target ϭ 2 Δ Ct sample were the Δ Ct sample was determined by subtracting the average Ct value of the target gene from the average Ct value of the TBP (or cyclophilin A) gene. The N target values of the samples were subsequently normalized such that the median N target values of the control samples without the fungus were 1 and presented according to Willems et al. [28] .
Statistical analysis
Quantifi cations of mRNAs expression are presented as mean Ϯ SEM of three independent experiments. Statistical signifi cance was tested using the Wilcoxon matched-pairs signed-ranks test for untreated and A. fumigates -treated cells. The level of signifi cance was p Ͻ 0.05. Figure 1 shows the 14-day progression of Rt and Vt, between 800 and 1500 ohms/cm 2 and -22 to Ϫ 32 mV, respectively. TEM observations confi rmed the presence of ciliated cells (Fig. 2) and the capacity of the cells to internalize A. fumigatus conidia (Fig. 3) . The membrane was always tightly bound to the conidium wall and intercellular tight junctions were intact, as indicated by the non modifi cation of Rt. A signifi cant increase, from 36 -49%, was noted in Vt, for 180 min after exposure to 10 -6 M verruculogen, bu there was no clear effect on the Rt (Fig. 4) . Immunostaining with antivimentin and anti-pan cytokeratin antibodies did not show any visible contamination with fi broblastic cells.
Results
To quantify phagocytosis, we fi rst counted the number of conidia remaining in contact with the HNEC after centrifugation. Since immersion rapidly leads to a differentiation of HNEC, the culture medium containing the conidia was immediately removed from the apical side to restore an air-liquid interface. The percentage of conidia bound to PTEC was evaluated by subtracting all unbound conidia from the total number of conidia added to cells, i.e. 10 7 conidia, after the initial centrifugation and found to be 20 Ϯ 9%. After incubation, lysis of the cells was needed to distinguish between external conidia adherent to PTEC cell membranes, or internalized conidia. After 8 h of incubation, the internalization rate was 21.9 Ϯ 1.4% based on triplicate wells of fi ve different primary cultures.
Using quantitative real-time PCR and TBP as the reference gene, a signifi cant increase in the mRNA level of three selected infl ammatory mediators (IL-8, TNF-alpha, and GM-CSF) was observed 24 h but not 8 h post-exposure of PTEC to A. fumigatus conidia (Fig. 5) . Similar results were observed using cyclophilin A as the reference. Fungal growth was followed in parallel. Filamentation began at 8 h and hyphae were uncountable at 24 h.
Discussion
We have shown that a primary in vitro model of porcine tracheal epithelial cells (PTEC) in an air-liquid interface is suitable for the study of interactions of mycotoxins, fungal airborne spores, and the airway epithelium. Indeed, with this original model, we were able to reproduce most of the results previously observed with human nasal epithelial cells (HNEC) in air-liquid interface [9, 10, 24] . These results were expected as the epithelial lining of the conducting airways in vivo are comprised of similar cell types and starts with the nasal epithelium, followed by the pharynx and trachea, which discharge into the bronchial tree [29] . Additionally, in many respects, the anatomy, biochemistry, physiology, size and genetics of pigs resemble those of humans [23] .
Initial attempts using clamped trachea [30] did not yield enough cells for our experiments and as a result we employed stripes removed from the tracheal cartilage. The electrophysiological properties of the PTEC, as evaluated using Rt and Vt, were in the same range as those of other in vitro models such as monolayers of human tracheal mucosa (44 -1,800 ohms/cm 2 and 0.1 -7.6 mV, respectively) [29] , and HNEC (600 -800 ohms/cm 2 and between Ϫ 20 and Ϫ 40 mV, respectively) [9] . This Rt data supports the presence of tight junctions as observed using TEM. The Vt of the PTEC was in the same range as the Vt of porcine tracheal epithelium in vivo as previously reported with Ussing-type measurements (around Ϫ 9.7 Ϯ 0.8 mV [32] ). The polarization of the PTECs in an air-liquid interface supports our immunostaining through which we did not detect fi broblasts. Indeed, the epithelium was mainly composed of well-differentiated ciliated cells as observed using TEM. The PTEC were also similar to HNEC relative to their responses to verruculogen [24] . This underlines the impact of mycotoxins on the airway epithelium and supports the use of this model to study such interactions. Interactions of ingested mycotoxins have already been studied with intestinal porcine cells [33] . In contrast, inhaled mycotoxins have been poorly investigation, although they are not subjected to the hepatic fi rst-pass effect and could have different toxic effects.
Interactions with A. fumigatus conidia and epithelial cells were similar with an internalization rate around 20% as previously observed with HNEC [10] . However, as expected, the standard deviation was lower with porcine cells than with human cells (21.9 Ϯ 1.4% versus 18.7 Ϯ 9.3% for HNEC) [10] . This is probably due to the more homogenous background of the porcine race, the lack of underlying disease and/or treatment compared to patients and/or to the more reproducible recovery of cells. Standardization and reproducibility are among the main objectives of Aspergillus animal models [34, 35] .
To study the infl ammatory response to A. fumigatus , we designed several porcine-specifi c primers and used validated housekeeping genes as reference genes. We observed an increase in the mRNA expression of three selected infl ammatory mediators (IL-8, TNF-alpha, and GM-CSF) at 24 h post exposure. This increase was parallel to the development of the fungus over the cells with the production of hyphae, as previously reported with A549 cells [27] . This is in agreement with a recent report on the role of germinating conidia in the innate immune system in vitro and in animal models [36] . These results are also similar to those observed with the cell line A549 despite the earlier (8 h post contact) increase in the levels of mRNA observed [27] . Airway epithelium participates in the host defense against germinating conidia of A. fumigatus , notably by IL-8 synthesis [37] . Furthermore, A. fumigatus conidia can be phagocytosed by epithelial cells and are able to escape the phagosome and form extracellular hyphae without lysis of the host cells [10, 38] . Whether A. fumigatus use epithelial cells as reservoirs for immune evasion and eventually are a starting point for dissemination throughout the host remains to be determined.
In conclusion, our model corroborates data obtained in other systems demonstrating its potential usefulness for the study of tracheal epithelial cells with airborne fungi and their products. This model represents also an alternative to human primary cells for evaluating drug metabolism, toxicity and targeting strategies as more and more commercial tools become available. Indeed, although the list of immunologic tools available for porcine tissues is much smaller than that for humans and mice, there are many useful immunologic reagents and commercial assays readily available including the primers we designed specifi cally for the detection of infl ammatory mediators.
